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3,201,560 in the fluid medium is more uniformly and efficiently 
ELECTRIC-ARC HEATER heated. 
Robert F. Mayo, Huntsville, Ma., and Milton A. Wallio Another object of the instant invention is to p~ovide 
Ws&m L. weak Hmpton, Va., assignors to the an electric-arc heater wherein energy loss caused by Mgh- 
united Statm of America as represented by tbe Ad&- 5 density impingement of the current carriers on the elec- 
istrator of the National Aeronautics and Space trode surface is greatly reduced. 
Administration Another object of the instant invention is to provide 
FQed Mar. 12,1963, Ser. No. 264,729 an electric-arc heater having a low rate of electrode ero- 
6 Claims. (CL 219-121) (Granted under Title 35, US. Code (1952), sec. 266) sion and decreased fluid medium contamination. 10 A further object of the instant invention is to provide 
m e  invention described herein may be manufactured an electric-arc heater wherein the arc has a positive effec- 
and used by or for the Government of the United States tive resistance characteristic whereby voltage drop across 
,of America for governmental purposes without the pay- the arc and arc power capability are g~oatly increased 
ment of any royalties thereon or therefor. for a given current level. 
 hi^ invention relates generally to an elec~c-arc 15 A still further abject of the instant invention is to 
heater, ,and more particduly to a magnetically diffused provide a self-regulating electric-arc heater having highly 
radial electric-arc heater. stable arc operation and requiring no external regulating 
,Electric-arc heaters wherein the energy of the electric ballast. 
arc is utilized to heat a fluid medium to a high tempera- The foregoing and othm objects are attained in the in- 
ture have been the subject of extensive development in 20 stant invention by the provision of a pair of concentric, 
recent years as a result of the urgent need for high-tern- ooaxiafl~ extending electrodes connected by an electrical 
pratnre and heat transfer facilities. The 'circuit including a power source for establishing an arc 
many applications of the ele&ic-arc heater include: utili- acr~oss the electrodes. A field coil is positioned zb10ut 
zation as a drive unit for test tunnels and magneto-hy- the electrodes for creating an axial, high-intensity mag- 
drodynamic devices; the heating ,of gases for propulsion 25 netic field having a transverse ComPonent to the estab- 
purposes; and the gensration of a highly oonductive gas 'fished arc the order of 7.5 gauss Per ampme of am 
flow for various experimental and practical purposes. 'current. This critical intensity is higher than that used 
Electric-mc heaters generally consist of a pair of spaced in prior art arc heaters by about an order of magnitude. 
electrodes connected by a power source for establishing The coil is oonnected in the electrical circuit in series 
,an arc therebetween. me fluid to be heated is 30 with the pair of electrodes and the arc struck therebe- 
passed firough the established arc whereuwn an inter- tween. The series circuit containing the power source, 
,change of energy between the current carriers of the a c  the coil, the pair of electrodes and the arc results in highly 
and the fluid medium occurs to raise ~e temperature of stable arc operation without the necessity of any addi- 
the fluid medium. Magnetic fields have been used in tional 
conjunction with the electric arc for various pur$pposes. 35 In operatian, a pressurized fluid medium, such as air, 
One such purpose is the obtaining of an area heat bal- is introduced into the arc redon between the spaced 
ante by phy~cally moving the electric arc as a constricted electrodes so as to pass through the established arc. The 
column from one locatim to another along the electrodes interaction between the fluid medium and the arc current 
%&out change so as to permit the use *of cooled rnehllic cmriers serves to convert the arc electrical energy into 
electrodes. Magnetic fields have also been employed for 40 heat energy of the fluid, thereby greatly increasing the 
r,andomly dispming the electric arc in the direction of tem~rature of the fluid medium. The heated fluid 
the fluid flow to thereby increase the duration of contact me'um then passes through the downstream region of 
between the fluid and the arc, as disclosed in U.S. Patent the chamber its point use. 
No. 772,862. The created high-intensity magnetic field, in addition 
T - , ~ ~ ~  prior elmtric-a?.c heaters have exhibited several 45 to inducing rotation of the arc about the center electrode, 
undesirable characteristics. One such characteristic is the causes Of the arc by rducing the mean free 
inefficient utilbation of the energy present in the arc for path length of the arc current carriers in the direction 
of the accelerating potential. This magnetic diffusion of heating the fluid medium. This inefficient interchange of 
the arc results in numerous advantageous heater charac- energy is due generally to the high velocity and relatively 50 teristics wEch include: more efficient conversion of 
large mean free path length of the arc energy from the arc to the fluid; higher power capabilities in the direction of the accelerating potential across the of the for given levelr; of energy 
electrodes, and to the energy losses caused by the high- loss due to electrode sputtering and energy transfer to density impingement Of the 'ITent carriers On the the electrode surface; and reduced rate of electrode era- t~ode surface. The high-density impingement of the cur- sion and subsequent of the heated fluid 
rent carriers on the electrode surface has the further 55 medium. 
adverse effect of causing a high electrode erosion rate, Further, as a result of this high-intensity magnetic field, 
and resultant contamination of the heated fluid medium the arc current and voltage characteristics are !downstream of the arc. AnohT disadvantage inherent dependent upon the magnetic field conditions and can be 
in prior art electric-arc heaters is the instability of the matched effectively taking advantage of series operation 
electric arc in the absence of regulating ballast in the of the arc current through the field coil. The coil then 
electrical circuit connecting the electrodes. serves as a series resistive, inductive and regulating ballast 
Accordingly, it is an object of the instant invention maintaining essentially constant power throughout arc 
to plrovide a new and improved electric-arc heater where- operation without additional electrical regulating controls. 
_ I  - 
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Other objects and many 02 the attendant advantages of In FIG. 2 the electrical circuit of the arc heater is dia- 
this invention will be readily appreciated as the same be- grammatically shown. The circuit 42 is connected across 
comes better understood by reference to the following d e  the electrodes 12, 20. The coil 36 is included in this cir- 
tailed description when considered in conjunction with cuit and is connected in series with the electrodes and the 
the accompanying drawings, wherein: 5 arc struck therebetween. The power source 44 shown as 
FIG. 1 is a schematic view partially in section of the being a D.C. source is connected in the circuit for es- 
electric-arc heater of the instant invention; tablishing the arc across the electrode gap. A circuit- 
FIG. 2 is a diagram of the electrical circuit of the sub- breaker or switch 46 is utilized to open and close circuit 
ject heater; 42, and a surge voltage limiting resistor 48 is connected 
FIG. 3 is a plot of the arc voltage as a function of cur- l o  in parallel across coil 36. Upon closing of switch 46 the 
rent illustrating the positive effective resistance charac- electron current flow is from the source 44 through the 
teristic of the instant invention; and coil 36 to the outer electrode 12, across the arc gap to 
FIG. 4 is a plot of the effect of the high-intensity trans- the center electrode 20, and from the center electrode re- 
verse magnetic flux level on arc voltage in the heater of the turning to the current source. The circuit has been de- 
instant invention. 15 scribed employing the outer wall as the cathode and the 
Referring now to the drawings, whenein like reference center electrode as the anode; obviously, the connections 
numerals designate identical or corresponding parts could be reversed to utilize the outer wall electrode as the 
throughout the several views, the electric-arc heater 11 anode and the center electrode as the cathode. 
is illustrated in FIG. 1 as comprising an outer cylindrical Upon initiation of current flow in the circuit, the cur- 
wall electrode 12 defining a settling chamber 14. A head 20 rent flow through the series coil 36 builds up a hign-in- 
member 16 and a nozzle assembly 18 for enclosing cham- tensity magnetic field transverse to the arc which is es- 
ber 14 are positioned at the forward and after ends of the tablished between the electrodes 12, 20. The coil is lo- 
wall electrode 12. The head member and nozzle assembly cated and has a selected number of turns so as to create a 
may be secured to the wall electrode 12 by conventional magnetic field in the arc region 15 having a critical in- 
means such as locking rings, screw threads, or high tem- 25 tensity of the order of 7.5 gauss per ampere-a flux den- 
perature welding, the details of which are not shown. The sity which is higher than that normally used in prior art 
outer wall electrode 12 serves both as a pressure vessel and heaters by about an order of magnitude. The effect on the 
as an electrode for the heater 11; however, if desired, an arc of using this high-intensity field is the generating of a 
additional cylindrical nonmagnetic steel wall member, motion equivalent to rotation of the arc about the center 
not shown, may be superimposed about cylindrical elec- 30 electrode, wherein the diffusion of the arc current carriers 
trode 12 to act as a high-strength pressure vessel. The is markedly increased in relation to subcritical magnetic 
electrodes, head, and nozzle are formed of a conductive field intensities. 
metal, such as copper, in the preferred embodiment. The interaction between the electric field of the elec- 
A center electrode 20 mounted in head member 16 ex- trodes ,and the described transverse high-intensity mag- 
tends axially into chamber 14. A ceramic insulator 22 35 ~ e t i c  field creates a force which is pelmendicu2ar to both 
and an entrance seal insulator 23 are positioned in the an- of these vector quan~ties and which acts on the current 
nular region between head 16 and electrode 20. The lock- carriers d the arc. In the abssnce of a magn&ic field, 
ing ring 24 secures the insulating members 22, 23 in the current carriers are accelerated by the voltage drop 
place. A positioning ring 26 enables the center electrode between the electrodes and have 'a high velooity and large 
20 to be extended to selected positions along the chamber 40 mean free path length in the direction of this aocelerating 
axis. It will be noted that the downstream face of the potential. Hmever, the fmce created by the interaction 
center electrode 20 has the shape of a cup with the lip of the electric and high-intensity magnetic fields serves 
facing downstream so as to overcome the tendency for to impart a curvilinear motion about the center eleotrode 
the arc to attach to the downstream face of the center to these current oanriers. This effedvely increases their 
electrode. 45 total path length in the direction of the accelerating po- 
Coolant passages 28, 30 are provided for the flow of a tential. 
coolant, such as water, to cool the outer electrode wall This W s i o n  of the current carriers impah numerous 
12 and nozzle assembly 18 respectively. The center elec- b ~ o r t a n t  characteristics $0 the arc- The reduced velocity 
trode 20 is also provided with coolant passages 32, 34. CQm!Ponent of the cmrent carriers in the direction of the 
The coolant water flows into the electrode through passage BO accdega'hg pMentia1, i.e., voltage drop across the arc, 
32, circulates through the annular cup-shaped face of the 0bObvi0~51y results in a lower eneigy transfer to the elec- 
electrode and flows out through passage 34. The coolant trode sunface from the impingement of the current car- 
water supply means and controls are conventional details r ier~  thereon and virtually eliminates electrode sputtering. 
and as such are not shown. Also, with the formation of a diffused arc discharge, the 
A coil 36 for providing a high-intensity magnetic field 55 current density at the elecSrode surfiace is many times 
directed axially of chamber 14 is positioned about the lower than in the case of the normal constricted arc. It 
outer wall electrode wall 12. The coil 36 consists of is evident that this low current density results in a sig- 
copper tubing having the necessary configuration so as nificant reduction in the rate of erosion of the eledrodes 
to create a magnetic flux intensity in the arc region 15 and, therefore, in the oontamination of the heated fluid 
having a transverse component to the arc current in the 60 Stream. 
order of 7.5 gauss per ampere, is., in the order of 10,000 The increased path length of the OUTTent carIriers 
gauss or more at electrode spacings and current levels of in the gap also in an increased 
normal A coolant is passed through the cop- of collisions with the fluid medium that the current car- 
niers undergo thereby improving the oonvemion of arc per tubing for dissipating the heat produced by the high- 65 into thermal enmgy of the medium. This density current flow in the coil. increased number of collisions additionally decreases the The fluid be heated enters through an inlet average velocity of the current carrims and reduces en- 38 in head member 16 so as to pass through the arc region 
,gy loss at the electrode surface. 
15 of the chamber 14. The fluid inlet may be designed Purthwmore, the rotational peniod of the highly dif- 
SO that the fluid is introduced into the chamber with a fused arc about fie cmter electrode has brought 
tangential swirl if desired. The fluid medium upon en- wi th i  the io&ation decay he of the heated fluid me- 
trance into the chamber serves to cool the insulator 22, dium. This results in a higher amount of residual ioniza- 
the head member 16 and the upstream end of the settling tion of the heated fluid medium subod the center elec- 
chamber wall. The inlet 38 is connected to a pressurized trode 'and a further increase in arc diffusion. 
fluid supply 39 through a pressure regulator 40. 75 The presence of such a highdintensity magnetic field, 
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of the order of 7.5 gauss per ampere, produces another ly 9,000 to 25,000 gauss or more depending on the arc 
surprising arc characteristic. At this critical intensity, the current level and electrode gap, the arc begins to rotate. 
greatly increased arc diffusion results in a positive effec- Soon the system, is running at conditions that approxi- 
tive resistance &aracteristic for the arc. This is in di- mate those for steady state operation at atmospheric pres- 
rect contrast to a normal arc of the same current pange 5 sure. Next, the fluid, such as air, is introduced into the 
which at subcritical magnetic field intensities is charac- arc chamber and the pressure rises until a preset value is 
terized by negative resistance, i.e., its resistance increases reached, at which point the ~egulator 41D cuts back the air 
as  its current decreases and vice versa. This peculiar flow as required to maintain a constant chamber pres- 
negative charaicteristic of eleot~ic arcs is a major source of sure. Because of the inherent stability of the system, no 
arc instability problems, and also limits the power capa- 10 other controls are required until the run is terminated by 
bi:ity of the arc at given current levels. opening the circuit breaker. Operating pressure has been 
This arc characteristic improvement is graphically set varied from atmospheric to 1,100 p.s.i.a., power from 30 
forth on the plot of FIG. 3 wherein the arc voltage is to 1,200 kilowatts, and airflow from 0.025 to 0.318 pound 
plotted as a function of current for the heater of the in- Per second in this exemplary embodiment. 
stant invention and compared with an exemplary p ~ i o r  15 It should be emphasized that the numerical examples 
art heater employing crossed electromagnetic fields. It given are not to be taken as limitations of the subject 
will be noted that the top curve has a positive slope indi- heater. The maximum power level, for example, is de- 
catlng the posiftive eEective resistance. The lower curve termined by the size of the power supply rather than by 
shows the negative resistance characteristic that is typi- the heater. The maximum pressure is simply the me- 
cal of other arc heaters. ]FIG. 3 is presented merely 20 chanical design limit of the water-cooled electrodes. 
to illustrate the diRerences in curve slope; direcft com- Obviously, numerous modification~ and variations of 
parison of the voltage levels should not be made since the present invention are possible in the light of the above 
&sign parameters such as arc gap ,may not be the same teachings. It is, therefore, to be understood that within 
in the other heaters. However, it will be seen that the the scope of the appended claims the invention may be 
voltage across the arc is greatly increased over that nor- 23 practiced otherwise than as described herein. 
lilllly encountered in other heaters with the sanre current What is claimed as new and desired to be secnred by 
level and arc gap. Letters Patent of the United States is" 
En FIG. 4 the eXects of the transverse high-intensity 1. An electric-arc heater comprising: a cylindrical wall 
field on arc voltage are illustrated. The voltage recorder electrode defining an axially extending chamber; a head 
traces of the subject heater operating at two different flux 30 member enclosing the forward end of said chamber; a 
levels-a subcritical level of 4,000 gauss and a critical nozzle assembly positioned at the after end of said cham- 
level of 9,000 gauss-are compared. It will be noted from ber; a second electrode positioned within said cylindrical 
the vo!ta?;e record that the arc voltage for a given arc wall electrode and extending coaxially therewith; said 
current is higher at the higher flux level. Inasmuch as second electrode being supported in said head member; 
the ~lectrode spacing was not changed, and the fluid me- $5 an electrical circuit including a uni-directional current 
diam pressure remained the same, the voltage rise must source connecting said coaxial electrodes; a coil surround- 
be attributed to the influence d the increased magnetic ing said wall electrode for providing a magnetic field di- 
Bux. rected axially of said chamber having a flux intensity of 
The connection of the coil in series with the pair of the order of 7.5 gauss per ampere of arc current in the 
electrodes is a significant feature of this invention. The 43 region between said coaxial electrodes; said coil being 
series connection is mzde in order to o~btain a completely connected in said circuit in series with said electrodes 
self-regulating system without the use of exftemal regu- for providing highly stable, self-regulating arc operation; 
lating controls. As a result of the high-intensity magnetic and means for introducing a pressurized fluid medium 
field, the arc current and voltage characteristics are pri- into said chamber whereby said fluid medium will be 
mzrily dependent upon the magnetic field conditions and gj heated upon passage through the arc established between 
can be matched eEeclively by taking advan(tage of series said electrodes. 
opration of the arc current through the magnetic coil. 2. In an electric-arc heater comprising a pair of co- 
The series operation maintains a near constant ratio of axially extending electrodes, an electrical circuit includ- 
transverse magnetic flux to arc current at the magnetic Ing a current source connecting said electrodes, and a 
flux level of interest. The coil thereby serves as a series means for introducing a fluid medium to be heated into 
resistive, inductive and regulating ballast maintaining the gap between said electrodes, the improvement corn- 
essentially constanlt power throughout arc operation with- prising: a coil positioned about said electrodes for pro- 
out additional eicctrical regulaling controls or ballast, as viding a magnetic field having a flux intensity of the order 
employed in prior art heaters. Also, due to this input of 7.5 gauss per ampere of arc current transverse to the 
power stability, the size of the selttling chamlber 14 re- B~ arc established in the gap between said electrodes; said 
quired for pressure surges, and the energy loss attrib- coil being connected in said circuit in series with said 
utable thereto, may be substantially reduced. As is evi- electrodes for providing highly stable, arc 
dent from the above discussion, this novel self-regulating operation. 
feature requires a flux density of the order of 7.5 gauss 3. A process of heating a fluid medium which con-  
per ampere of arc current. 60 prises: establishing an electric arc between a pair of spaced 
To fsciiitate understanding of the instant invention, electrodes; creating a high-intensity magnetic field trms- 
the operation of one exemplary dJ0diment  will now be verse to said electric arc of the order of 7.5 gauss per 
briefly described. The switch 46 controls the start of the of arc cur,.ent so as to the current carriers 
r'n upon and terlnination of the run upon open- of said arc and increase the total path length of the arc 
i'g. For arc starting, both high frequency starting units 65 current carriers between said spaced electrodes; and p3ss- 
and simple electrode shorting techniques have been effec- ing a pressurized fluid through tively utilized, since at the start the arc chamber is at at- 
mospheric pressure and there is no fluid flow. Upon ig- diffused arc whereby the fluid medium is heated by the 
nition of the arc, current flows through the series field interchange of energy between the current carriers of the 
coii and the magnetic field builds up. Arc gaps of from arc and the fluid medium- 
?As" to %" have been used in this embodiment. The 4. The process set forth in claim 3, wherein the cre- 
normal current range of operation is between 1100 and ated magnetic field has an intensity in the order of 10,000 
2600 amperes, however arc currents as high as 3800 am- gauss or more. 
peres have been employed. Under the influence of the 5. In a process for heating a fluid medium by passing 
high-intensity magnetic field, ranging from approximate- T 5  the fluid medium through an electric arc, the improve- 
3,201,560 
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ment comprising: creating a magnetic field transverse References Cited by the Examiner 
to the arc having a flux intensity sufficiently high to im- 
part a positive effective resistance characteristic to the 
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6. The process of claim 5, wherein the magnetic field 
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